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THE REACTION JET AS A HEAHS 07 
PROPULSION' AT HIGH SPEEDS 
By David T. tfilliams 

SUMMARY 



In order to facilitate the appraioal of the conven- 
tional Jet as a means of propulsion, a sinple equation is 
derived by means of which tho performance of a large vari- 
ety of aoropropulsive dovicos can "be estimated. Tor any 
particular device with a given drag coefficient, a maximum 
net propulsive efficiency exists that is a function only 
of the mechanical energy input per unit initial energy of 
tho air. handled by the propulsive system. Tho convention- 
al jot with and without mechanical compression is briefly 
treated. There is described and analyzed a dovico that 1b 
designed to provide an efficient method of achieving flight 
for opeods at which the conventional propeller cannot be 
usod boeauso of tho comTsrossibilit' burble. 



INTRODUCTION 



Tho efficiency of the ordinary airplane propeller 
falls off at Ziigh speed3 because of the compressibility of 
the air. The decrease is apparent even at the present 
time and will probably become progressively more serious 
as airplane speeds are increased in the future. 

The conventional reaction Jet has boon considered by 
many authors as a possible alternative moans of propul- 
sion (seo references 1 to 3); by "conventional roaction 
Jot" is here r.eant an aeropropulsivo device including a 
furnace in which fuel is burned with air undor pressure, 
the products of combustion bolng allowed to oscapo roar- 
ward through a nozzle. The thrust exerted by tho dovico 
is tho reaction to tho roarward momentum of tho oxhaust 
gases. The conventional Jet is presumod to be less effi- 
cient than is the ordinary airplane propellor at low air 
spocds; novortholoss , it is oxpected to bo able to exert a 
high thrust and at the samo time to be light and compact 
enough to actuato an airplano.in high-spood flight of short 
duration. 

Any dovico that propols tho ambient air rearward may 
bo considered, in a strict senso, to bo a Jot, whether or 
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not all the air handled is passed through a thermal cycle. 
A theory of the generalized jet so defined would Include 
"both the ordinary propeller and the conventional jet as 
special cases. The purpose of the following analysis is to 
present such a theory, hy means of which the ovtlmum effi- 
ciencies andthe performance requirements for successful 
flight can he determined. 



ANALYSIS AND DISCUSSION 



The symhols used are defined as they are introduced 
into the discussion. For convenience, they are also list- 
ed with their definitions as appendix A. 

The general equation.- The production of po**er for 
flight might be thought of as a combination of three sep- 
arate processes: first, the "burning of fuel in soma sort 
of prime mover to obtain mechanical energy; second, the 
transfer of the mechanical energy to the air stream that 
passes through the mechanism; and third, the ejection of 
the accelerated gases rearward in order to propel the air- 
plane. The three processes will each have an efficiency 
characteristic of the energy conversion Involved; the ra- 
tio "between the thrust work on the airnlnne and the heat 
energy of the fuel used will he a product of the throe 
partial efficiencies. 

The first partial efficiency, characteristic of the 
transformation of heat energy of the fuel into nechanf cal 
energy, will he callrd the cycle efficiency il^ and is 
defined hy 

Vf * v i (1) 

Here S f is the heat energy present In the fuel burned 
per second in the prime mover (or prime movers) of the air- 
plane and W x is the mechanical work per second made 

available by the prime mover for transfer to the air 
stream handled by the device. Tor example, In the case of 
the conventional gas engine-propellar combination, "n ^ 
would be the product of the thermal efficiency and the me- 
chanical efficiency of the engine. Tor 1 reaction jet 
with a mechanical compressor and with the fuel burned in a 
furnace, rit vould be the ratio of the theoretical In- 
crease In kinetic energy of the air stream to the heat- 
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enorgy input to the prino novore. Tho hoat-onorgy input 
BjP is equal to tho product of the chonieal energy in tho 
fuol end tho conduction officioncy of tho "burning process. 

The socond partial officioncy, tho general neohanical 
efficioncy of tho system Tip, is defined "by 

TlpTTx =» W a (2) 

whero W a is the incroaso in kinetic energy vith rospect 
to -the airplane of tho expelled air handled in 1 socond by 
tho device* In particular, if the airplano spood is T 0 : 
and tho velocity of tho oxpolled air rolativo to tho air- 
plano is T 3 , and if n is the nass of air handled por 
second. 

It will "bo convonlont to find an approxinato expres- 
sion for Tip in torns of the goonotry of the Jot dosign. 

It is cloar that tho function of Tip is to account for 

tho intornal drag loos in tho jot, that is, in tho dif- 
fusor, tho conprossor or fan, and the nozzlo. If P L is 

dofinod ar. such a loss, it nay bo oxpro3sod in general as 

P L = f o Dl V S i = | ° DjL E V ij M 

whore p is the donsity of tho air, and is an ovor- 

all average drag coefficient, "based on tho insido duct 
aroa and varying only slowly with tho volocity. Tho total 
intorior surfaco is , and A 0 is tho roforonco cross- 

soctional aroa of tho air stroan ontoring tho duct at a 
point whore tho velocity is that of tho free stroan. In 
torns of P L 



or 



Tip = 1 - r . , (S) 
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where 
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K-O^g (7) 

nnd ia tho internal drag coefficient "basod on tho aroo A 0 , 
How, a variable e is defined "by 

. -'2*4 (8) 

Tho apocifio onorgy input € is the r.echanical energy in- 
put per unit of initial kinetic energy of the incident air 
strean. 

When e is introduced into equation (6), 

np = i-7 o) 

. The third partial efficiency, the rake efficiency, 
Tj^ le defined "by 

\ ff a s *T (10) 

Here the thrust power, Pj, = n (Y a - 7 0 ) 7 Q , io the prod- 
uct of the jet thrust and the airplano speed, Fron equa- 
tion (10) and with the aid of equation (3) 

n„ = n < T « - laLle . __ 2 _ (ii) 



f (V - V) i + i 

■ rt 



This is the well-known expression for the ideal propollor 
efficiency. But 7 3 is known fron 



i C 7 * 8 " 7 ° a ) ^ (12> 



so that 



2 o 

Therefore 



~ = / 1 + - K =/!"+ €- k (13) 

7 o 7 £ y a - V 
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TL = (14) 

* 1 + /I + C - K 



The thrust power Pj of the device Trill "be given hy 



*T = If Tl t *p \ ■ B f ( l " |) ! 



(15) 



€ - K 



A portion of the thrust power of equation (15) will 
overcono the. exterior drag of the duct itself. Asbucb 
that the increase in tho over-all drag coefficient of the 
airplane associated with the duct is Ojj e , "based on tho 

wing area in the custonary manner; the corresponding in- 
crement in power P^ used in driving the airplane nay "be 
written 

*D = | «». V s„ = | v 0 ° o„ o f* (16) 

where S w ia the wing area. If an exterior drag coeffi- 
cient n "based on the original Jet stroan cross section 
A Q is defined "by 

»-■>». £ (17) 

equation (16) can he written 

2 Mf/f *o € 

It is assumed that (i is dependent only on tho geonetri- 
cal form of the Jet. The net thrust power P not , that is, 

the thrust power available for overcoming the drag of the 
airplane alone after deducting Pjj from the total power 
Pip, is defined "by 

*net = Itlf [0 - l) , 2 - " f 1 (") 

£/ l +yi + e — k J 

Two over-all efficiencies are now defined. The net 
propulsive efficiency T^j. = ? ne t/T\%$f is the ratio of 
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tie net thrust power to the mechanical energy available 
for Introduction into. the air stream; the net over-all 
efficiency 1\ - P net /E f is the ratio of the net thrust " 

power to the heat energy in the fuel consumed per second. 
(The over-all efficiencies should "oo carefully differen- 
tiated fron the partial efficiencies f Tip, an-d Tj^, 

previously used.) 



In the net over-all efficiency 

n = % [(i - D _ 2 - *] - \ n 

LN> €/ 1 + Jl + e - k ej 



(20) 



(21) 



yi + e - k 

it is apparent that T| varies directly with T| t and Tlp r , 
The net propulsive efficiency 

is completely determined for any design of duct "oy the 

% If 

s-oecific "ocwer input e = — a — i 1 -. If the external and the 

2 0 

internal drag coefficients p> and K, respectively, are 
fixed for any type of Jet, the scale of the Jot nay "be 
arbitrarily changed without altering the efficiency of the 
device by maintaining £ constant. 

Tho goneral manner of variation of Ttp r with e is 

shown in figure 1 for various values of K and p. In 
every case T|p r riseB rapidly with en increase in € to 

a flat maximum and then falls slowly. The maximum effi- 
ciency (Tlnf) is lower and the corresponding ".b s c i s s p. 
**■ max 

€ max is lar S er t the larger K or H is; that is, the 
maximum obtainable net propulsive efficiency decreases as 
the duct drag, either Interior or exterior, is increased 
while tho specific power input required for the attainment 
of maximum Tl Bp increasos with K_ or p. ■ 

Now, in flight the not thrust T is equal to tho net 
drag or 

* = § 0 D T 0 8 S w " (22) 
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whore 0^ is the over-all drag coefficient of the airplane 
when the duct drag is neglected. If the gross weight 7 
of tho airplane is given as 



» - I °L *o 8 S w .< 23 > 



where Oj, is the over-all lift coefficient of the airplane, 
then 

T = IT ^ (24) 

The thrust power nill "be T 7 Q and the not propulsive ef- 
ficiency can "be written 

V - tHT I 2 t o - C 1 - f) -7^=— ~ \ ' (25) 

^ r Tlt?f °L ° \ ^1 + ^1+ e-K e 

Equation (25) provides a neans of determining the 
conditions under which flight will he possible for any 
given jet design. If \x and K are given, a maximum 
value of T|p r can he found; then tho combinations of tho 

power loading TT/Tl t B f and the lift-drag ratio 0 l /0d re- 
quired to obtain flight at any given speed can he deter- 
mined. Alternatively, an indication of the maximum air* 
plane velocity that can he attained with the given jet de- 
vice may he determined whon the power loading and the 
lift-drag ratio are known. 

Tor any given thrust device, a value of e for which 
TTp r is a maximum may he found if p and K are assumed 

independent of €. If T|p r of equation (21) is differen- 
tiated and equated to zero, the resulting equation may he 
solved for c n ai > the € corresponding to the maximum 

value of Tlpj,, The result, as derived in appendix B, is 



c max = ^-^V-^ + 2K + (£■+ l) 7 H 8 + 4 (H + K) (26) 

This value may he computed and inserted in equation (21) 

to yield the maximum net propulsive efficiency (TUjtJ 

* max 

predicted for given values of V- and k. 
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Tifiuro 2 shows the variation of 1 the maximum net pro- 
pulsive efficiency (flur) with the internal drag ooef- 

ficlent K for various assumed external dras coefficients 
p. She slight slope of the dotted lines shows that conbi- 
nationB of values of p and K which give the sar.e value 
of, Cjjajf ■ give the sans value of '^pr^-^' within approx- 
imately 5 percent for tho ranges of v> and K considered 

The conventional .lot .- As an illustration of the use 
of the theory in tho prediction of perf ormance , tho case 
is considered of a jet without nochanical prococprossion, 
hurning anixture of gaoolino and air. In this case, n 
and 7 0 are constant and tho mixture strength is varied; 
fife 2f 

that is, e = — * — t- is variable only la B^. 

• ■* ■ 

If ociuation (%) is solvod for TT, after T| t I f is 
expressed in temp of e and 7 0 , thorc is obtained, 

The gross weight V of the airplane is seen. to increase 
with € up to .its great est ' passible value, namely, e Qt 

which is attaised when a :stpi chior.et ri c air-fuol -mixture 
is "burned in the Jot. 

Turther insight into the cost interesting features of 
this typo of. device may . be- gained without . oxtoadod discus- 
sion* Aseumo that -the entiro velocity head, of .. the -induct- 
ed air is . transformed into pressure with. an efficiency of 
100 percent. 1 Then, if all losses ar'a neglected, the" thoq- 
rotical air' cycle" of ficiency may be found by the uoe of 
familiar relations. 

Tho initial kinetic cnorgy of a unit mass of air will 
he transformed by tho- action of a diffusor into pressure 
according to the. relationship . 
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1=1 
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whore a Q is the Tolocit?- of eound outsido the duct, p 
indicates pressure, Y is the ratio of the specific heats 
for air, and the subscripts o and -i refer to the state 
of the air "before and aftor compression, respectively. 

If the air is heated at a constant pressure p x and 
if it is then allowed to expand adiabati cally to the orig- 
inal pressure p Q , the thermal efficiency of the entire 
cycle is 



1=1. 
Y 



Since, "by equation (28), 



1=1 

Y 



(Y - 1) V Q a 



1 + 



2 a 0 a 



the cycle efficiency T1+ can "be expressed as 

(Y - 1) M a 

7U (29) 

t v - 1 a 

1 + H 

where U is the llach number V_/a 0 . 



If Y is assumed to "be 1.4 and tho temperature of the 

i 

o 



outside air is assumed to bo 59° IP, a n a is 1.246 X 10°; 



tt .» , „ s * 0;81 X 10° 

then, if 7 n = 900 foet por second, 1! is g 

0 1,246 x 10° 

and T| t is 0.115. If l f is 19,000 Btu por pound of fuol 
and tho thoorotical air-fuol ratio is 15, tho cnorgy input 
€ s 18 



. T] t E f 0.115 X 32.2 X 19000 X 778 

g — — — ■ — — y * (J JL 

3 v is x 0mB1 x 10 6 
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Tho weight and the kinetic energy of the fuel are here neg- 
lected. 

Because the value of e fl is large, the effect of |i 

and K say he neglected with little error. (See fig. 1.) 
In such case the net propulsive efficiency will he 

■ Tlpr a ~= = 0.48 

1 + JlQ 

and the net over-all efficiency is 0.055, correspond- 

ing to a fuel rate of 2.44 pounds per net thrust horsepower- 
hour. 

Such a low efficiency would certainly limit the range 
of an airplane propelled hy the suggested device; "but, if 
high-spoed flight of short range is desired, the lightness 
and the . compactness of the mechanism might -ake it useful. 
Turthermcre, the efficiency could "bo increased in a number 
of ways. Jirst , tho fuol-air mixture night ho leanod to 
docroaso e. According to figure 1 the efficiency would 
incroaso if the fixture wero leanod;; out from equation 
(28) it is clear that the gross weight would havo to bo re- 
duced, and tho size and therefore the drag of tho jet 
would he groator at an oqual value of the thrust. Second, 
a fan might bo used to compross the air further; tho over- 
all efficiency would be incroased but tho weight of tho 
machinery used might possibly causo a reduction in tho use- 
ful load oven though tho gross airplano weight would be 
increased. 

In ordor to show tho manner in which tho addition of 
a fan for compression would affoct tho thermal offlcioncy 
and the woight of t-o mechanism, tho curvos of figures 
3(a) and 3(b) havo been plottod. Tho curvos show the vari- 
ation of efficiencies T|, T)^ t and Tlp r with tho ratio 

of tho compressor power to the thrust power at air spoods 
of 700 and 900 feet per cocond, respectively. 

Tho indicatod cycle efficiency Tl t of figure 3 is the 

mean of tho officiencios of the jot and the comprossor. 

Lot Tlj. 1 and T|^. 11 bo tho cyclo efficiencies and E f 1 and 

If", tho onorgios prosont in tho fuel burnod in tho jet 

and tho comprossor engine, respocti voly . Then tho follow- 
ing equation will dofino ty. : 
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TL = 



T^' B f ! + ]V E f" 



When the data were computed for the curves, this expression 
was used, T^. 11 "being assumed constant and equal to 54 per- 
cent, corresponding to tho air cycle efficiency of an Otto 
cycle engine with a compression ratio of 7. The usual ex- 
pression for tho officioncy T|t 1 of a constant pressure 
air cyclo is 



1=ll 
V 



V-1 



V-1 



Hero the valuo of V is 1.4, p is tho prossuro, and tho 
subscripts o, i, and 8 rofor to froo— stream , compressor- 
intako, and conprossor-outlot pressures, respectively. If 
tho air-stroaa kinetic energy is asout'.od to ho transformed 
into prossuro with 100-porcent of.ficioncy, 



V-1 

. v 



, x + 3L=jt -r . x ♦ x-i- 1 * a 



Tho conprocsor powor P_ is dofinod as 



*c - 



V-zJ. 
V 



- 1 l_VPi / J V - 1 M> 0 ' 



V-1 
V 



V-1 

"v 



(?) 



- 1 



where a x is the velocity of sound at the compressor in- 
take, and the thrust power is defined in equation (19) or 



The value of B f is found on tho assumption that tho fuel 
has an energy of 19,000 Btu per pound. Tho not propulsive 
efficiency included in figures 3(a) and 3("o) is found "oy 
tho use of oquation (21), in which k. and n aro assumed 
negligihlo as compared with €. Tho woight and the kinetic 
enorgy of tho fuol aro also neglected. 
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Throe air-fuel ratios aro considered in figure 3; 
15:1, 30:1, and 45:1; in all casos the ratio of the 
compressor power to the thrust power rises rapidly with 
cycle officioncy, even though all drag losses aro neglect- 
ed. Por purposes of comparison on this figure, the air 
cycle thernal efficiency of 54 percent is shown correspond- 
ing to that of an ordinary gasoline engine with a compres- 
sion ratio of 7; also, a propulsive efficiency typical of 
an ordinary propeller at lower air speeds is included. 
The ratio Pq/ ? T * or a propeller-dri ven airplane with a 
propulsive efficiency of 0.85 would "be 1.173. The rela- 
tively low over-all efficiency T| of the jet as compared 
with that of a propeller-driven airplane is traceable to 
tho low propulsive efficiency Tlpr* Tbis low propulsive 
efficiency in turn is roquirod bocause tho air is passed 
throtigh a thernal c.vclo. Even when the thermal efficiency 
of tho jet is as hi^h as that of an ordinary airplane en- 
gine, tho total efficiency is subst ant i ally lower than 
that of an ordinary onginc-drivon propeller. If ? C /Pt£ is 

usod as a rough measure of the total woight of mechanism 
per unit thrust power, the jot is seen to have a wolght ad- 
vantage over the ordinary engine-propellor combination, 
although tho officiency is lower. 

The curves of figures 3(a) and 3(b) also demonstrate 
tho advantage of tho use of some mechanical compression as 
a means of increasing tho efficiency of tho simple jot. 
Tho thermal officiency is doubled when tho ratio of tho 
compressor power to tho thrust power increases from 0 to 
about 0.2. 

At a low value of P c /Pi]i, tho region corresponding 

to the conventional jet, the incroacc in air-fuel ratio is 
found to improve somewhat tho total off icioncy for a givon 
compressor-thrust power ratio. For example, at Pc/^T = 0 
tho valuo of T| approaches that of T|i , which is small, 
A' fact not evident from tho curves in figure 3 is that this 
incroaso in officioncy ir. accompaniod by some incroaso in 
drag as well as in weight of the uochanism for a £ivon 
thrust power. If the mechanism is small as comparod with 
tho ontiro airplano, howovor, the officiency might still 
be profitably inprQvod in tho manner indicated. 

At Pc/^T equal to or 6 rcator than 1, tho of feet of 
loaning tho mixture is more marked. The cycle officioncy 
will approach a constant valuo oqual to the cycle officion- 
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cy of. the compressor engine aa the quantity of fuel "burned 
directly in the duot decreases. In the licit when all the 
fj?"?.^..*?. "burned in the compressor engine, there la no. longer 
any necessity for greatly compressing all the air passing 
through the de-rice. If the degree of conpression is re- 
duced and the quantity of air handled is Increased, the 
system "oecoces the conventional gasoline engine-driven pro- 
pellor and ? B /Pip = l/Tl pr . 

In the discussion of the reaction Jot with precon- 
pression, it is. apparent that: (a) Tho conventional Jot 
is lighter and moro compact than the engine propeller for 
tho sane thrust.; (b) its efficiency nay "be slightly in- 
creased "by leaning the fuel-air mixture or "by using a 
higher compression ratio; and (c) its over-all efficiency 
will "be at host much loss at airplano spoods in tho range 
considered than the efficiencies of propoller-dri von air- 
planes at lower speeds. 

The mechanicall y n.ct\in.tafl .1 at Instead of an analysis 
of a series of Jet designs, a device is described by seans 
of which high propulsive efficiencies nay bo ootainod at 
speods above which tho propollor "begins to loso efficiency 
because of air oonprossibility. 

Because tho cycle efficiency has a predominating in- 
fluence on tho specific thrust powor, the priino mover will 
ho a gasolino engine working at tho highest posslblo com- 
pression ratio, that is, tho highost poasiblo thermal ef- 
ficiency. In ordor to make m variablo in e = Di-Jilf , 

2 T ° 

so that tho optimum valuo of € can be utilized, the on- 
orgy of the primo mover will bo transmitted to an arbitrary 
mass of air m by moans of a fan. In ordor to have the 
optimum specific thrust power as high as possihlo, the 
drag of the mochanism, intorior and exterior, will bo as 
small as possihlo; tho mass of air handlod should thon bo 
fairly large. Thus far, the ideal device answers the de- 
scription of the ordinary propeller. But, at some air 
speeds, the compressibility burhle will begin to form on 
the propeller. For this and higher air speeds, -the pro- 
peller will be enclosed in a duct so designed that the air 
speed at the propeller tips will be Iobs than the "burbling 
speed, The internal drag of tho duct will be kept as low 
as possible "b-"- tho offioiont transformation of velocity 
hoad into pressure; tho propellor (now an axial compressor) 
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will compress the air, which will then expand through a 
nozzle toward the rear. The details of the installation- 
depend on the design speed and tho duct drag coefficients 
K and p. 

The generalized propeller-actuatod'-jet is diagrammed 
in figure 4; it consists" of a diffuser, a propeller or 
fan, and a nozzle. Three types of installation are shown 
in figure 5. Tho installation of figure 5(a) is mounted 
on tho fusolage, and the tractor and the pusher installa- 
tions of figures 5(h) and 5(c) are mounted on the wing. 
In figures 5(a) and 5(c) : air is scavengod from tho "bound- 
ary layer so that somo advantage can ho taken of tho ki- 
netic onorgy inducod in tho air by the .drag of tho air- 
plane. Stationary f inn. in the duct straighton out tho ro- 
tational flow and servo also as struts to hold the duct 
rigidly to the airplane 

The preceding theory should be appliod with caution 
to tho design under consideration . Tho dra*j coefficient 
K was originally afe3uncd to be constant with respect to 
the specific power input €. This "assumption is not valid 
if € is incroasod in praetico by increasing the numbor 
of stages in an axial-flow compressor bocauso K« in such 
a caso, will incroaoo with e. It is reasonable to aasumo, 
howevor, that tho efficiencies of tho diffuoor, tho com- 
pressor (or the propollor), and the nozzle aro the con- 
stants T| Q , t\ x ~ and Tl a , rospocti voly . Tho analysis 
may thereupon ho carried through as "in apponcLix 0. Bocauso 
of tho dOTJondenco of K upon k, tho propulsivo officion- 
°y "%r ia different function of e from that expressed 
in equation (?.l). This function may be put into the same 
form as equation (2l) by tho introduction of certain aux- 
iliary quantities; and hence previously derived expressions 
may be used in the determination of Tip T and € without 

the necessity of further analysis. 

In particular, four auxiliary quantities aro defined, 
namely, 

W = W^o ' 
K« - i (1 - M a > 
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where £ = 1 - (\ B /V 0 B ) m w these auxiliary quantities will 
"be rolatod by an equation of the sane forn as equation 
(21) with "Hpr. €, \i t and K replaced by the corre- 
sponding prined quantities; thus 

V J 1 + /l + £' - K 1 

In order to determine Tjp r for a given €, Tl 0 , Tl lf 
Tl at and H, first find e 1 = € T| x Tl a . By equation (21*) 
with k 1 = £ (1 - T^Tla), |x« = n, and c« as determined, 
find Tlpp 1 ; then T|p r = Tli^a^r 1 is specified. Also 
e 'nax can 00 deterninod br uae of an equation sinilar to 
equation (26), namely, 



€W = ^ij±) + 2K , + (2i + l)/^« 8 + 4(n'+K«) (26») 
Thereupon e m ax and Cnpr) r „ x nIi y "be found as indicated. 



In ta"ble I aro listed special casos in which three 
sets of assumptions as to partial efficiencies aro raado 
for two assumod volocitios. Tho throe sots aro progres- 
sively loss optimistic, but thoro appears to "be some reason 
to "believe that even the most optimistic set is within the 
range of attainment. Recent unpublished tests indicate 
that one may hopo to design the front of the duct to per- 
form the function of a diffuser with practically 100 per- 
cent efficiency; and, as long as the velocities within the 
duct are low, the ourfaoe friction can supposedly be kept 
within the limits indicated. The exterior drag coefficient 
I* mifciht be kept low "by partly submerging the duct In the 
fuselage. 

Tho valuos of (TU r ) listed are proporly to oe 

max 

compared with the propulsive efficiency of an engine and a 
propeller on the conventional airplane. This efficiency 
is a'oout 85 porcont at low air speeds. It is apparont 
that the predicted porformanco of the devico described is 
either a'oout equal to or about five-eighths as largo as 
that of the conventional propeller, dqpondlng on whether 
the first or the third sot of assumptions is made. 
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Tha£tho power loadings predict ed in ta"blo I ropro-' 
sent rather stringent requirement s ie apparent fron table 
II, In. taole II are listed the power loadings and the es- 
timated lift-drag ratios for three no dern. airplanes; also, 
for reference, this taole contains characteristic naxinum 
lift-drag ratios for an HACA 4412 airfoil. The low power 
loadings required for flight under the conditions assumed 
cone primarily fron the fact that, whereas lift increases 
with 7 Q , the drag horsepower increases with T Q 3 . The 

ratio of weight. to power therefore varies inversely with 
T 0 even if the efficiency is in no way affected. 

In order to fly with- the proposed nechanisn at the 
contenplated -velocities, .one nuct find noans of decreasing 
the power loading or of increasing the lift-drag ratios at 
present attainable in aircraft or of reducing the drag .of 
the described jot. 

In the attainment of a decrease in power loading , any 
•method, of making the power plant noro efficient, of decreas- 
ing its weight, or of improving its powor output would ho 
useful. Among othor nodif ications of tho conventional gas- 
oline engine with theso ains in view, r.ay be nontionod a 
conspicuously successful uso of tho ozhaust gas to obtain 
thrust by noans cf nozzles on tho exhaust stack3. Accord- 
ing to a conservative estimate based on results recently 
obtained- by the I7ACA at Langley Field, it is possible to 
obtain, at a volocity of 700 feet per second and 900 feet 
per socond, respectively, a 13-percont and a 16-percent ' 
net increaso in thrust power beyond the thrust power ob- 
tained without use of the momentum of tho oxhiust. This 
incroaso in thrust power is accomplished TTithout any in- 
crease in exhaust back pressure. 

Anothor uso for the ozhaust gas nay be nontionod in 
this connection. If the exhaust of the engine of tho de- 
vice described is ejected into the hi^h-proscure region 
behind the propeller, its heat nay be used in a constant- 
pressure cycle to produce additional thrust. Jor a spe- 
cific energy input € equal to 1, by the compressor, at 
V 0 = 700 feet per second, the ideal air cycle thermal effi- 
ciency of the constant-pressure cycle is about 9 percent. 
If an efficiency of 35 percent is assumed for the prine 
nover, the brake power recovery fron the exhaust would be 
^about 17 percent of the brake power and tho thrust power 
recovery would be about 13 percent of the original brake 
power . 
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The attainable themal efficiency would "be sonenhat 
1B3B than the air cycle thernal effloionoy. Iron If the 
prodiction is considered quite reliable- In practice , cer- 
tain disadvantages are lnhorent In this nethod of scavenge 
lng tho heat energy of the, exhaust. (The efficiency of the 
surest ed auxiliary device depends critically on the pres- 
sure at the exhaust outlet. Is tho thernal efflcloncy of 
tho auxiliary oyclo increases, tho total officiency in- 
croaso is sonewhat snaller; at the sane tice, the naxlnun 
power output obtainable fron the engine is seriously re- 
duced by the effect of back pressure in increasing the 
quantity of residual gases in the cylinder. It would 
thoreforo seen safe to conclude that tho nothod in which 
tho Jot scavongos mechanical energy diroctly fron tho Otto 
cyclo exhaust gases la prof arable to tho nethod in which 
tho nochanical onorgy is sacrifiood. in largo part, to ro- 
covor thornal energy. Othor possible methods of decreas- 
ing powor loading will not ho discussed horo. 

In consideration of othor methods of aceonpli shing 
flight at high voloaltios with a nechanically actuated Jot, 
it is supposodly possible to increase lift-drag ratios be- 
yond present Units. If tho ratio is increased by an in- 
croaoo in ring loadings » sane special norms of landing and 
take-off night bo required. 

Tho inprovouont of tho officienoy of the diffusor, 
tho propollor, and the nozzlo is properly a field of ex- 
porinontal Investigation. 

CONCLUSIONS - " ! . 

1«, Attainable propulsivo efficiencies at high speods 
below sonic velocity aro certain to be lower than is.con- 
non at . low speeds with the ^conventional ^ropcilor;. 

2i Tho propollor-actuatod Jot is" dbsignod.to ' provfdo 
a noans of propulsion at spoods between tho burbling .speeds 
for propoilors and tfinga. .It will bo " relatively , of f I oiqnt 
as cQnparod with tho ordinary ongiiae-pr'opollor ,or convon- . 
tional .4.9*. t^o^^q 1 speods. "', . , * 

.3.. Sbne-forn of the- convdntfioxlai Jot should .bo capa- 
ble of developing n.ore thrust powor por pound of nachinory 
than the dovicef considered but only at the cost of consid- 
erably reduced ^efficiency. . 

Langioy Monorial Aoronautical Laboratory, • 
■' ' National Advisory ;Q6vi- it io o for Aororirratics 

Langie'y JioidV 7a, : "' " ■' " ' 
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APPEHTDIZ. A ■ 

- . » ■ 

■ SYMBOLS." ■. 



A D cross aoction of inductod nir stroma at tho point 

whoro its volocity is equal to airplane Bpood, 
square foet 



a 0|1 sonic "velocity at diffuser entrance and exit, re- 
spectively, feet por second 



Ojj,C l over-all drag and lift coefficients for airplane 

Oj) internal drag coefficient of Jet systen "based on 

inside area 



C D external drag coefficient of a jet, "based on wing 

*" e area 



E f heat enorgy in. fuel burned por second in jet, foot- 

pounds per second 

Ef'.Sf" energy in fuel "burned. per second in jet "burner and 
in compressor engine, respectively, foot-pounds 
per second 

E Q energy input por socond to the -diffuser of a pro- 

peller-actuated jot, foot-pounds por second 

Ej. energy input per second to the conprossor of a pro- 

pellcr-actuatod jot, foot-pounds per second 

?t loss of nochanical onorgy "by air passing through 

jot in 1 socond, foot-pounds por second 

n nass of air passing through jot, slugs por socond 

li Mach nunher (7 0 /a 0 ) 



0,1,3 



pressure, at frco strean, "before propollor and af- 
tor propollor, rospoctivoly, pounds per squaro 
foot 



thrust powor dovolopod by jet, foot-pounds por 
socond 

Pjj thrust power oxpondod in ovorconing oxtorior drag 

of jot, foot-pounds por socond 
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^not no * thru. at ponor (Pip - Pjj), f oot-pounda por aocond 

P c power ron.uirod for conproaaipn of .air in convention- 

al roaction jot, f oot-pounda por aocond 

Sj intornal eurfaco aroa of duct, aquara foot 

S w wing aroa of airplano, oquaro foot 

T not thruet ozcrtod "by Jot, poxmda 

T o,i,3 air-stroan volocity at diffuaer ontrance, diffuaer 
exit, and nozzle oxit, roapoctiToly , foot por 
aocond 

T groaa weight of airplano, pounda 

ffx nochanical onorgy per aocond produced from fuol on- 

crgy hy thornal cyclea of jot, foot-pound3 por 
second 

W 2 not nochanical oacrgy per aocond inparted to air 

strean paaaing through Jot, f oot-pounda por aocond 

V ratio of spociflc heat a for air 



specific energy input 



2 v o 



e a apocific onorgy input for jet without nechanical 

proconpronsion "burning stoichiometric air-fuol 
r.ixturo 



^nax 8pocific oncry input corroGponding to naxinun propul- 

^nax 



-i- -L. W ' -k Jm 

sivo officioncy (T|p r ) _ with givon n and k 



T) t cycle officioncy (~) 

Tip propeller officioncy (jf 5 ) 



Tl w wako efficiency 
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Tl pr not propulsive officloncy ( jj^f^ } 

^pr) naxinun propulsive, efficioncy for givon n and K 

Tl not ovor-all officloncy 

T) 0 1 2 efficioncios of diffuaer, propollcr, and nozzlo, 
' ' respectively. Soo appondix 0 for definitions 

Tl t f ,Tl t n cyclo officioncios of Jet burner find conpronsor 
ongino, rosrjocti voly , in conventional roaction 
jot 

£=l-7 x a /T 0 a 

K generalized internal drag coefficient of Jet noch- 

ani sn 

K 1 = t (1 - T1 0 T1 S ) 

H,li' generalized oxtornal drag coefficient of Jet nech- 

ani on 

p air doiiBity, slugG por cubic foot 
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APPENDIX B 
THE DERIVATION OT 'THE MAXIMUM VALUE -OP- 
SPEOIFIO ENEEGY INPUT 

G-i von 

— - * (B-l) 



C - K « 



Thia expfoasion nay also "bo written 

v - f (- 1 + y" 1 "^ 7 ^" - 1) (B - 2) 

In ordor to find tao r.aacinun valuo, aot = 0 

- i (i - /7T7T7* D * i -- — i o 

Nov; lot ^1 + e - K = b, e = z 3 + K - 1 (B-4) 

Aftor introduction of (B-4) into (B-3) and reduction 

z a - (2- + n) z + 1 - K = 0 (B-5) 
Solvod for z, equation (3-5) yields 
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or 



z S = 1 + € - K = t (4 + 4|i + n a ) 

4 



± (2+n) J LZ-igkL. + K - i + | (4+4M+VA 2 ) + K - 1 .(B-6) 
If oxprossion (B-7) io solved for € with tho aid of (B-4) 

€ = B_I|j±) + 2 K + (-j± + l) fvFTTTv* iO* (B-7) 
APPENDIX C 

DERIVATION 0? EQUATION FOR NET PROPULSIVE EFFICIENCY 
OP i!E SIL'jlNI CA LL T ACTUATED JET 

Let t = [} - -tt; (C-l) 

0 

rrhoro V is tho cpood of the airplano, and tho rvnbscripts 
o and i rcfor to tho froo stroan and tho propeller, ro- 
spocti vcly. Tho powor tr->.naf orncd by tho diffusor fror, 
air apeed to air projsuro io written 

*o -| (V 0 2 - V, 2 ) =-|^ t (0-2) 

If T1 Q ia the diffusor efficiency, (l - TJ 0 ) 1 Q is tho 

powor loot in tho process. Similarly tho powor loss in 
tho propeller ia (l - T^) Ej , whore and E a aro 

tho propollor officiency and tho powor input, respective- 
ly • E\ boing aeounod to "oo in tho forn of proscuro. If 
Tl 3 io the nosr-lo officifincy and if tho nozzlo is as- 
sumed to transform into volocity the pressure increment 
inposod by tho diffunor and tho propollor, tho power loso 
in tho nozzle will oo equal to (l - Tl a ) (T| 0 E Q "+ Ti^i ) " 
The total power loss will thon "bo 
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\ mV 0 a k =(1-T1 0 )E 0 + + (1-Tfe ) ( TJ 0 B 0 + Tl x a x ) C«-3) 

or, with the aid of equation (C-2), 

B i 

K - £ OL - n 0 Tl a ) + (1 - T) 1 Tl a ) g- 

2 »o 

— — — is equal to e as previously definod, so finally 
I T o 

K = i (1 - Tl 0 Tl a ) + € (1 - T^Tla) (0-4) 

If this valuo of K ir. substituted In equation (21) 
TJp r , the propulaire efficiency of the devico, becomes 



i(l - T) 0 T) a ) 



a 



(1 - 71 1 H a ) 1 — - ; — - £ (0-5) 

J 1 + /l - £(l - TloTla) +€£Tl 1 Tl a 



or 



In order to put equation (C-6) into the form of equation 
(21) of the text, the following quantities aro defined: 





V = 


"Hpr 


(0-7) 






TliTfee 


(0-8) 




K 1 = 


£(l-TloTl a ) 


(0-9) 


and 


Ht = 


H 


(C-10) 



When those quantities aro introduced into equation (0-8), 



24 



this equation "becomes 

V - C 1 - ft) — r 1 -£ <a,) 

which is identical with oquation (21). 

The derivation shows that, although equation (2l) of 
the tost and figures 1 and 2 do not apply directly in this 
instance to the propulsive efficiency T|p r and to the 

specific power input c , the equation and the figures do 
apply to certain auxiliary quantities Ij^p 1 and e 1 that 

are related to T|p r and e "by equations (C-7) and (C-8), 

if K and \i are replaced by k' and n* defined in 
equations (0-9) and (0-10). 
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TABLE I - PREDICTED CHARACTERISTICS OP SIX ASSUMED VERSIONS OP THE MECHANICALLY ACTUATED JET 
I Velocity at propeller, 600 fps; propeller tip speed; 849 fpe; £ = 1 » 



K« = t OV^); n' = C 3e ^5 = -JSK ; (^r)^ = (npr 1 )^ t^t, 



Air- 
plane 


Air- 
plane 
veloc- 
ity 
(fpe) 


Dif- 
fus- 
er 
effi- 
ciency, 

1o 


Pro- 
pel- 
ler 
effi- 
ciency, 


-tfoa- 

zle 

effi- 
ciency, 

^8 


t 


v 1 

r. 


il' 
r* 


G max 


^P lJ max 


c max 




Maximum allowable 
power loading 
tlb/bhp) 








C L /C D =8 


Cx/0^15 


la 


700 


0.98 


0.95 


0.99 


0.264 


0.0079 


0.01 


0.305 


0.877 


0.323 


0.816 


5.13 


9.62 


2a 


700 


.98 


.90 


.98 


.264 


.0106 


.02 


.416 


.842 


.471 


.744 


4.66 


. 8,75 


3a 


700 


.95 


.80 


.98 


.264 


.0182 


.04 


.610 


.782 


.803 


.594 


3.73 


7.00 


lb 


900 


.98 


.95 


.99 


.556 


.0167 


.02 


.461 


.831 


.496 


.775 


3.89 


7.30 


2b 


900 


.58 


.90 


• 98 


.556 


.0222 


.04 


.636 


.786 


.721 


.694 


3.39 


6.36 


3b 


900 


.95 


.80 


.98 


.556 


.0389 


.08 


.963 


.717 


1.27 


.545 


2.67 


5.00 
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TABLE II. - OUBBBNT AVAILABLE LIPT-DBAG EATIOS 
AND POWER LOADINGS 





Cl/Cd 


Power loading withbut 
auxiliary exhaust 
jeb piopulaion 




(ib/thp) 


(1-b/Vbp) 


Pursuit airplane 


ttn 
8 


7.0 


6.0 


Transport airplane 


Q 9 


14.7 


12,5 


Bomber 


a 7 


10.0 


8.5 


NAOA 4412 airfoil : 








Rectangular; aspect 
ratio, 6 


"°?.l 






Rectangular: aspect 
ratio , 9 


" b 25 






Elliptical; aspect 
ratio, 9 


b 29 







a At top speed. 



Theoretical maximum value; approximated by use of elemen- 
tary airfoil theory (reference 9). 



Propeller 



Diffuser. 




Tlgure 4.- General plan of propeller-actuated Jet. 



Strut, 



Figure 3.- 

Varlation of 
naxinum net pro- 
pulsive effici- 
ency ( , np r ) nax 
with internal 
drag coefficient 
of duot K for 
various external 
drag coefficients 
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(a) Installation 
at rear of 
fuselage . 



I.Or 



-Counter -rotating 
propellers 
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■ 

1 
to 
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.8 
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Loci of e„„ constant 





(b) Wing traotor 
installation. 
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Internal drag coefficient of duct, n 
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(c) 







(c) ling pusher £- 
installation. ? 

to 
*■ 

Figure 5.- Bone application* of the propeller-actuated Jst. '„ 
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Propulsive efficiency of ordinary propeller at low speeds. 




Air cycle efficiency of ordinary gasoline engines compression ratio = 7. 




15: /s 



0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 0 .2 .4 .6 .8 

Ratio of compressor power to thrust power, P c /Pt 

(a) Velocity, 700 feet per second. (b) Velocity, 900 feet per second. 

Figure 3.- Variation of efficiencies with the ratio of compressor power to thrust power for a 
conventional jet. 
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